150-248 in fibroblasts or melanoma but not in ATF2-null cells caused a profound G 2 M arrest and increased degree of apoptosis following irradiation. The interaction between ATF2 and TIP49b constitutes a novel mechanism that serves to limit ATF2 transcriptional activities and highlights the central role of ATF2 in the control of the cell cycle and apoptosis in response to stress and DNA damage.
Activating transcription factor 2 (ATF2/CRE-BP1) is a member of the ATF-CREB family of transcription factors (28, 49) , which have been implicated in growth control, cell cycle progression, differentiation, and transformation. As a leucine zipper transcription factor, ATF2 binds an 8-bp response element (CRE/URE; 5Ј-TGACGTCA-3Ј [61] ) as a homodimer or as a heterodimer with other members of the ATF family, as well as the Jun/Fos family of transcription factors (10, 17, 27, 69) . Most common is the ATF2 c-Jun heterodimer, which recognizes the AP1/CRE target sequence (20, 69, 71) . Upon its phosphorylation on Ser-121, ATF2 associates with p300/CBP, which links it to the basal transcriptional complex (39) . Like p300, ATF2 was also reported to elicit histone acetyltransferase (HAT) activities that are increased upon its phosphorylation (38) .
Several ATF2 isoforms (CRE-BP-1, -2, and -3), generated by differential splicing, elicit different transcriptional outputs (23) . Full-length ATF2 (CRE-BP1) is transcriptionally inactive as a result of intramolecular interaction of its bZIP motif with the amino-terminal transactivation domain (43) . Upon exposure to stress or DNA damage, JNK/p38 kinases phosphorylate T-69 and T-71, alleviating intrinsic inhibition and rendering ATF2 transcriptionally active (5, 18, 25, 47, 71) . ATF2 can be also activated upon association with viral proteins, as shown for E1A (11, 21, 43, 46) . Although ATF2 has been implicated in the transcriptional control of various stress-responsive genes, including c-jun (71) , beta interferon (19) , transforming growth factor beta (41) , and tumor necrosis factor alpha (TNF-␣) (54, 68) , our understanding of the biological functions of ATF2 is still limited. Several observations point to the role of ATF2 in the transformation process. ATF2 has been implicated in a transcriptional response mediated by the transforming adenovirus protein E1A (26, 45, 46, 69) . Overexpression of ATF2 potentiates the ability of v-jun-transformed chicken embryo fibroblasts to grow in low-serum medium in vitro and to form tumors in vivo (30) . The level of ATF2 mRNA is higher in human tumors than in normal tissues (67) . Our studies revealed the contribution of ATF2 to the resistance of human melanoma cells to irradiation and chemical treatment, by altering the balance between TNF and Fas death signaling cascades (33, 60) .
To further study mechanisms underlying ATF2's ability to modulate radiation resistance, the cell cycle, and apoptosis, we performed a yeast two-hybrid screen that led to the identification of TIP49b as a novel ATF2-interacting protein. TIP49b (35) (synonyms: TIP48 [73] , Reptin52 [3] , RUVBL2 [58] , Rvb2 [65) ], TAP54␤ [31] , and TIH2p [24] ) is a protein of 463 amino acids that exhibits 43% identity with TIP49a (36) (synonyms: Pontin52 [4) ], NMP238 [29) ], RUVBL1 [58] , Rvb1 [65) ], TAP54␣ [31] , and TIH1p [40] ).
TIP49b and TIP49a are expressed ubiquitously in all human tissues examined (50, 56) . Both proteins are essential in yeast (35, 58) , and Drosophila flies that are deficient in TIP49a and TIP49b die at an early developmental stage, indicating that both genes encode essential and nonredundant functions during early development (3) .
TIP49a and TIP49b are members of a highly conserved protein family with homology to bacterial RuvB, an ATPdependent DNA helicase that catalyzes branch migration in Holliday junctions. Mammalian TIP49a and TIP49b possess intrinsic ATPase activities that are stimulated by singlestranded DNA and helicase activities of opposite polarity (35, 51) . Interaction of ␤-catenin with TIP49a/Pontin52 and TIP49b/Reptin52 (3, 4) results in altered TCF/LEF-mediated transcription. TIP49a/TIP49 and TIP49b/TIP48 have also been found in complex with c-Myc, which affects c-Myc-mediated oncogenic transformation (73) . TIP49a/p50/Tih2p (40) and TIP49b/p47/Tih1p (24) have been implicated in cell cycle progression (44) . The TIP49a/RUVBL1 gene maps to 3q21, a region with frequent rearrangements in both leukemias and solid tumors (37, 62) .
The INO80 chromatin remodeling complex, which contains about 12 polypeptides, includes TIP49a/Rvb1 and TIP49b/ Rvb2 (65) . Like the related remodeling complexes SWI/SNF (15) and RSC (8) , the INO80 complex exhibits DNA-dependent ATPase activity implicated in transcription as well as DNA damage repair (65) . The findings of TIP49a and TIP49b/ TIP48 in complex with c-Myc (73) and as part of the TIP60 HAT complex (31) further point to its role in diverse aspects of chromatin metabolism and transcriptional regulation of key cell cycle-regulatory proteins.
Here we report on the identification and characterization of a novel interaction between TIP49b and ATF2 which results in inhibition of ATF2 transcriptional activity and identifies the role that ATF2 plays in the control of cell cycle, DNA repair, and apoptosis.
MATERIALS AND METHODS

Cell culture and transfection. Human embryonic kidney (HEK) 293T cells, ATF2
Ϫ/Ϫ (48), c-Jun Ϫ/Ϫ mouse fibroblasts (72) , and mouse melanoma cells (K1735p) (55) were maintained in Dulbecco's modified Eagle's medium supplemented with 10% heat-inactivated fetal bovine serum and 100 U of penicillin and 100 U of streptomycin (Gibco-BRL) per ml in a 5% CO 2 incubator at 37°C (32) . Normal fibroblasts and Myc Ϫ/Ϫ (HO15.19) (52) fibroblasts were grown in the presence of 10% calf serum. For DNA transfection, cells were plated in 100-mm dishes at a density of 2.5 ϫ 10 6 cells/plate and transfected 18 h later with the respective expression vectors using the calcium phosphate method for 293T cells (12) or Lipofectamine-Plus for all other cell lines (Gibco-BRL).
DNA constructs. Hemagglutinin (HA)-tagged full-length ATF2 and the splice variant form of ATF2, ATF2⌬ (⌬150-248), were constructed in the pEF-HA vector (a gift from Eugenia Spanopollou). The full-length TIP49b cDNA was amplified by PCR from a human melanoma cDNA library and cloned into pcDNA3 tagged with two Flags. TIP49b deletion mutants TIP49b-⌬C (amino acids [aa] 1 to 306) and TIP49b-CT (aa 307 to 463) were generated by PCR and cloned into pcDNA3-2Flag. Flag-tagged TIP49b-DN (D299N), which is designed to inactivate helicase activity, was constructed with the aid of the QuikChange site-directed mutagenesis kit (Stratagene). The DNA fragment corresponding to amino acids 150 to 248 of ATF2 was generated by PCR followed by in-frame cloning into pEF-HA (pEF-HA-Penetratin-ATF2
150-248 -GFP) or a retroviral vector, pBabe (pBabe-ATF2 150-248 -GFP). The integrity of all constructs was verified by sequencing. Flag-tagged TIP49a and TIP49a-DN (D302N) were a generous gift from M. D. Cole (73) , and ⌬N-ASK and MKK6-DD were kindly provided by H. Ichijo (63) and R. Davis, respectively. Retroviral infection. Phoenix-eco or Phoenix-ampho packaging cells (generous gifts from G. P. Nolan) were infected using standard protocols (57) .
Yeast two-hybrid screening. N-terminally truncated (⌬1-150) and full-length ATF2 cDNA fused to the lexA DNA-binding domain were used as bait to screen a human melanoma cDNA library for interacting proteins, using the protein trap yeast two-hybrid system. The bait was fused in frame with the LexA DNAbinding domain by subcloning into the BamHI and NotI sites of PEG202. Preys were fused in frame with the B42 activation domain by subcloning into the EcoRI and XhoI sites of the P3G4-5 vector. A total of 8.5 ϫ 10 6 yeast transformants were screened. cDNAs from positive colonies were rescued and subjected to PCR analysis. Clones that exhibited different restriction patterns were retested for specificity by transformation into yeast strains expressing the bait ATF2 protein.
Coimmunoprecipitation. 293T cells were cotransfected using the calcium phosphate method and lysed in F-buffer (10 mM Tris [pH 7 .05]; 50 mM NaCl; 30 mM sodium pyrophosphate; 50 mM NaF; 5 M ZnCl 2 ; 0.1 mM Na 3 VO 4 ; 1% Triton X-100; 1 mM phenylmethylsulfonyl fluoride; 5 U of ␣ 2 -macroglobulin, 2.5 U of pepstatin, 2.5 U of leupeptin, and 2.8 g of aprotinin per ml; and 150 M benzamidine) (66) .
Immunoprecipitations were carried out with anti-Flag antibody (Sigma) (4°C overnight) followed by incubation with protein G beads (Gibco-BRL). Beadbound immune complexes were washed and subjected to sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) followed by immunoblot analysis with antiphospho-(T69 and T71)-ATF2 (NEB), anti-ATF2 (Santa Cruz), or anti-HA antibodies (Babco) as indicated in Results. In all cases reactions were detected by means of enhanced chemiluminescence (Amersham). Interactions between endogenously expressed proteins were carried out using mouse monoclonal anti-ATF2 antibody (Santa Cruz) followed by immunoblot analysis with rabbit anti-TIP49b polyclonal antibody (a generous gift from T. Tamura).
Luciferase reporter assay and flow cytometric analysis. Cells were transiently transfected with reporter plasmids (0.02 g) together with the expression vectors (0.2 to 0.4 g) and pCMV-␤-gal (0.03 g). The reporter constructs used were 5xJun2-tk-Luc (70), Ϫ615 TNF-Luc or Ϫ615 TNF (mutCRE)-Luc (59) and TOPFLASH or FOPFLASH (42) luciferase reporter plasmids. The amount of DNA for each transfection was equalized by addition of the respective empty vectors. Luciferase activity was measured in a luminometer and normalized to the ␤-galactosidase activity in the same cells.
For cell cycle and apoptosis studies, cells were irradiated with UVC (60 J/m 2 ) or X-ray (5 Gy) and 6 to 48 h later were stained with propidium iodide followed by flow cytometric analysis using a FACSCalibur flow cytometer (Becton Dickinson, Mountain View, Calif.) and the CellQuest program.
RESULTS
Identification of TIP49b as an ATF2-associated protein.
We employed the yeast two-hybrid system to identify ATF2-interacting proteins. Using full-length as well as amino-terminally truncated (⌬1-196) forms of ATF2 as bait, we screened 8 ϫ 10 6 yeast colonies expressing a human melanoma cDNA library prepared 3 h after UV irradiation. Among the total of 270 positive colonies, we identified 23 different cDNAs, which were further confirmed for their association. Among the novel ATF2-associated proteins was the C-terminal domain of TIP49b (data not shown).
To confirm the interaction between ATF2 and TIP49b in mammalian cells, we coexpressed HA-ATF2 and Flag-TIP49b in HEK 293T cells. Immunoprecipitation of TIP49b followed by Western analysis confirmed the interaction between exogenously expressed ATF2 and TIP49b (Fig. 1A) . Such association was not observed using an alternatively spliced form of ATF2 that lacks amino acids 150 to 248, suggesting that this region may be important for the interaction between ATF2 and TIP49b.
To demonstrate the association between endogenous ATF2 and exogenous TIP49b, cells were transfected with FlagTIP49b and proteins were immunoprecipitated using antibodies to ATF2, followed by immunoblotting with antibodies to the Flag epitope (Fig. 1B) . Further analysis was carried out on endogenous proteins via immunoprecipitation with antibodies to ATF2 and Western blotting with antibodies to TIP49b (Fig.  2a) . All reactions revealed the association between TIP49b and ATF2.
TIP49b has homology with the bacterial RuvB proteins and contains Walker A and Walker B motifs, found in proteins that bind and hydrolyze ATP (73) . A single missense mutation in the Walker B box (DEVH3 NEVH) is sufficient to abolish ATPase activities, as shown for RuvB (53) . To determine whether mutation in the Walker B domain of TIP49b affects the interaction with ATF2, we generated Flag-TIP49b-DN (D299N) and tested its association with ATF2 (Fig. 1C) . As VOL. 21, 2001 TIP49b, A REGULATOR OF ATF2
shown in Fig. 1D , TIP49b-DN mutants interacted with ATF2 to the same extent as wild-type TIP49b. We next assessed the ability of TIP49a and its mutant TIP49a-DN (D302N) to associate with ATF2. Neither TIP49a nor TIP49a-DN was found in complex with ATF2 (Fig. 1D) . Lack of TIP49a association with ATF2, which is capable of association with TIP49b, provides the first example of selective association with one of the two TIP49 components.
To map the domains required for TIP49b association with ATF2, we generated two deletion mutants, one lacking the C-terminal domain (⌬C) and one that contains only the Cterminal region (CT) (Fig. 1C ). Coimmunoprecipitation assays revealed interaction between the TIP49b-CT form and ATF2, albeit at a lower efficiency than with the wild-type protein. Such interaction was not seen with the TIP49b-⌬C form (Fig. 1E ). This result is consistent with the initial yeast two-hybrid screen, where the cDNA encoding the C-terminal region (aa 307 to 463) of TIP49b was identified as an ATF2-interacting protein. These findings suggest that the C-terminal domain of TIP49b is required for the association with ATF2.
Association of TIP49b with ATF2 coincides with ATF2 phosphorylation and is elevated in UV-and ionizing radiation (IR)-treated cells. Since TIP49b homologues have been implicated in DNA repair, we examined the effect of irradiation on the ATF2-TIP49b association. UV irradiation increased the association between endogenous ATF2 and TIP49b. Immunoprecipitation of TIP49b followed by analysis of bound ATF2 revealed a marked increase in the ATF2-TIP49b association within 1 h after UV treatment; this increase declined to basal levels as early as 2 h after irradiation. Elevated association of VOL. 21, 2001 TIP49b, A REGULATOR OF ATF2 8401
Interaction between ATF2 and TIP49b is phosphorylation dependent. 293T cells were untreated or treated with UV (60 J/m 2 ), and protein extracts were prepared and subjected to immunoprecipitation (IP) with anti-ATF2 antibody (or with normal mouse preimmune IgG) followed by immunoblot (IB) with antibodies as indicted. (B and C) 293T cells were transfected with the Flag-TIP49b construct, and 24 h later cells were treated with UV (60 J/m 2 ) (B) or X-ray irradiated (X-ray; 5 Gy) (C). Protein extracts were prepared at indicated time points after treatment, immunoprecipitated, and immunoblotted with the indicated antibodies. (D) Cells were cotransfected with Flag-TIP49b and ⌬N-ASK1 or MKK6-DD. Thirty-five hours after transfection, lysates were prepared and immunoprecipitated, followed by immunoblot with the indicated antibodies. (E) Cells were cotransfected with Flag-TIP49b and wild-type (WT) HA-ATF2 or mutant HA-ATF2 (T69A and T71A). To induce ATF2 phosphorylation, indicated cells were also cotransfected with MKK6-DD or treated with UV. After 6 h, lysates were prepared and immunoprecipitated using anti-Flag antibody. The immunoprecipitates were immunoblotted with anti-HA antibodies. The bottom panels verify expression of the exogenously expressed proteins.
FIG. 2-Continued.
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TIP49b and ATF2 coincided with a substantial increase in ATF2 phosphorylation on residues 69 and 71 (Fig. 2B ). These data suggest that the association of TIP49b with ATF2 is increased by UV treatment and that it may be phosphorylation dependent. Given that TIP49b is a homologue of RuvB, which is implicated in double-strand repair, we also elucidated the effect of IR on the association of TIP49b with ATF2. IR increased the interaction between ATF2 and TIP49b within 1 h after treatment and maintained the elevated association for longer time periods (up to 3 h) than UV treatment.
While the IR-induced association between TIP49b and ATF2 coincided with elevated ATF2 phosphorylation at the 1-h time point, at later times ATF2 phosphorylation decreased (Fig. 2C) , suggesting that phosphorylation may be required to enable association, whereas another cellular mechanism(s) may regulate the dissociation of this complex. To directly assess the role of ATF2 phosphorylation in ATF2-TIP49b association, we expressed the constitutively active forms of p38 kinase (MKK6-DD) (13) or its upstream kinase ASK1 (⌬N-ASK1) (63) . Both p38 upstream kinases efficiently induced ATF2 phosphorylation and led to a substantial increase in the association of TIP49b with ATF2 (Fig. 2D ). Forced expression of ATF2 mutated on both phosphoacceptor sites revealed a weak association with TIP49b that did not increase after UV treatment or MKK6-DD expression (Fig. 2E) . These observations provide direct evidence to support the conclusion that the association of TIP49b with ATF2 is phosphorylation dependent and is elevated following IR or UV irradiation.
TIP49b association with ATF2 attenuates ATF2 transcriptional activities. To assess the biological implications of the TIP49b-ATF2 association, we first monitored possible changes in ATF2 transcriptional activities. Using a luciferase reporter gene controlled by ATF2 target sequences (5xJun2-tk-luciferase construct [69] ), we assessed changes in ATF2 transcriptional activities upon expression of TIP49b. Ectopic expression of TIP49b in HEK 293T cells led to a threefold decrease in the basal transcriptional activities of ATF2 (Fig. 3A) . Changes in ATF2 transcriptional activities were not altered by exogenous expression of ATF2, suggesting that the amount of ATF2 in these reactions was not the limiting factor. A substantial increase (6-to 8-fold) in ATF2 transcriptional activities was observed after UV irradiation or IR, which was efficiently attenuated by TIP49b expression. p38 kinases (⌬N-ASK1 or MKK6-DD) elicited even stronger increase of ATF2 transcriptional activities (10-to 12-fold), which were as efficiently inhibited by TIP49b (Fig. 3A) . These findings suggest that the association of TIP49b with ATF2 serves to limit basal and inducible transcriptional activities of ATF2.
Further analysis was carried out using the promoter of TNF-␣, which contains a cyclic AMP (cAMP) response element (CRE), a target sequence for binding of ATF2/Jun heterodimers (68) . Earlier studies had revealed the role of ATF2 in regulating of TNF-␣ transcription (33) . Forced expression of TIP49b decreased basal as well as UV-or p38-inducible activation of Ϫ615 TNF-␣-Luc (4-to 7-fold; Fig. 3B ). TIP49b did not have any effect on TNF-␣ promoter mutated on the CRE (Ϫ615 TNF-␣ [mutCRE]-Luc [59] ), confirming that the effect of TIP49b on TNF-␣ transcription is mediated through attenuation of ATF2 activities (Fig. 3B ). These observations further establish that ATF2 transcriptional activities are suppressed under conditions that promote association with TIP49b.
To further elucidate the regulation of ATF2 transcriptional activities by TIP49b, we used normal and ATF2-null fibroblasts (ATF2 Ϫ/Ϫ ). In contrast to its effect on ATF2 activities in normal human fibroblasts (ATF2 ϩ/ϩ ), TIP49b did not affect transcription in fibroblasts lacking ATF2 (Fig. 3C) . These data directly support the hypothesis that changes in the activities of CRE-based promoters seen upon expression of TIP49b are mediated via ATF2.
We further assessed whether TIP49a, which was not found to associate with ATF2, may alter ATF2 transcriptional activities. Forced expression of TIP49a did not alter basal or p38-inducible CRE-Luc activities, suggesting that TIP49a does not affect ATF2-mediated transcription. Like TIP49a, TIP49a-DN was not capable of altering ATF2 transcriptional output (Fig.  3D) . These data suggest that TIP49a neither binds to ATF2 nor affects its transcriptional activities. Conversely, TIP49b-DN, which is mutated within the Walker B region implicated in its ATPase activity, was as effective as the wild-type form of TIP49b in attenuating both basal and inducible transcriptional activities of ATF2. These results suggest that the repression of ATF2 transcriptional activity is TIP49b specific and independent of ATPase or helicase activities. The latter is consistent with the notion that helicase activities may require the complex of both TIP49 proteins, which is not found to be associated with ATF2.
Given that the C-terminal domain of TIP49b is required for ATF2 association (Fig. 1E) , we next assessed whether overexpression of this domain would alter ATF2 transcription. TIP49b-CT but not TIP49b-⌬C was capable of attenuating ATF2 transcriptional activity (Fig. 3E) , suggesting that the C-terminal region of TIP49b is sufficient for interaction with and repression of ATF2 transcriptional activities. However, the interaction with and repression of ATF2 by TIP49b-CT were less efficient than with the wild-type protein, which implies that full-length TIP49b is needed for an efficient effect on ATF2.
Mapping the ATF2 domain required for interaction with TIP49b. We tested the possibility that the ATF2 domain required for association with TIP49b is within aa 150 to 248, since ATF2 from which this region has been deleted was not capable of associating with TIP49b (Fig. 1A) and since ATF2 ⌬1-196 was still capable of associating with TIP49b in yeast two-hybrid assays (data not shown). Of interest, a naturally occurring splice form of ATF2 that lacks aa 150 to 248 is constitutively active transcriptionally (23) .
To determine whether this is the domain required for association with TIP49b, we cloned aa 150 to 248 and aa 200 to 248 of ATF2 in frame with green fluorescent protein (GFP) and the penetratin sequence led by an HA tag into a mammalian expression vector (HA-ATF2 150-248 -GFP). Of these two peptides, the one encompassing aa 150 to 248 of ATF2 exhibited greater expression levels and was chosen for further characterization.
Fluorescent microscopy-based analysis confirmed the expression and nuclear localization of the HA-ATF2 150-248 -GFP construct (Fig. 4A, left panel) . A direct interaction between the ATF2-driven aa 150 to 248 domain and TIP49b was revealed by the finding of HA-ATF2 150-248 -GFP in Flag-TIP49b immunoprecipitates (Fig. 4A, right panel) . Forced expression of TIP49b and ATF2 in normal human fibroblasts revealed the association between the two proteins (Fig. 4B, lane 4) , which increased upon ⌬N-ASK1 expression (lane 7).
Coexpression of HA-ATF2 150-248 -GFP led to a marked decrease in the association of TIP49b with full-length ATF2 ( p38-inducible association of ATF2 with TIP49b (Fig. 4B) . These results suggest that the domain corresponding to amino acids 150 to 248 encompasses the ATF2 region that is required for association with TIP49b and for the ability to outcompete the association between ATF2 and TIP49b upon overexpression of this domain. Inhibition of the TIP49b-ATF2 association was reflected at the level of ATF2 transcriptional activities. Forced expression of HA-ATF2 150-248 -GFP increased the basal level of ATF2 transcription both in normal fibroblasts and in ATF2-null fibroblasts supplemented with exogenous ATF2 (Fig. 4C) . No changes were observed in ATF2 transcriptional activity upon expression of the HA-ATF2
150-248 -GFP construct in ATF2-null cells without providing exogenous ATF2 (data not shown). Whereas expression of HA-ATF2 150-248 -GFP did not affect the p38-mediated increase in ATF2 transcriptional activities, coexpression of TIP49b inhibited the p38-mediated increase in ATF2 transcription; such inhibition was attenuated upon expression of HA-ATF2
150-248 -GFP (Fig. 4C) . Similar observations were made using the TNF-␣ promoter sequences but not a CRE mutant-bearing promoter (Fig. 4C) . These data suggest that the inhibition of the ATF2-TIP49b association by the competing ATF2-driven peptide sufficed to attenuate the inhibition of ATF2 transcriptional activities by TIP49b.
Ability of ATF2 150-248 to attenuate repression of TIP49b on ATF2-mediated transcription is ATF2 specific. TIP49a and TIP49b were recently shown to associate with c-Myc. TIP49a functions as a positive cofactor of Myc-mediated oncogenic transformation (73) . Given the ability of c-Myc to associate with both TIP49 components, we assessed whether the effects of TIP49b on ATF2 are Myc dependent. To this end, we tested TIP49b's ability to silence ATF2 transcriptional activities in c-Myc Ϫ/Ϫ cells. Forced expression of TIP49b resulted in suppression of basal and, more so, of p38-induced ATF2 transcriptional activities, monitored via Jun2-Luc and TNF-␣-Luc, in a fashion similar to that observed in the c-Myc-positive cells (Fig.  4D) . These results support the notion that c-Myc is not required for TIP49b's ability to suppress ATF2-mediated transcription.
Since c-Jun is among the key ATF2 heterodimerizing partners, we next assessed whether TIP49b maintains its inhibitory effects on ATF2 transcription in a c-Jun-null environment. Coexpression of ATF2 and TIP49b in c-jun Ϫ/Ϫ cells revealed TIP49b-mediated repression, which was also efficient after p38 activation, similar to that observation in normal human fibroblasts. Expression of the ATF2 150-248 peptide efficiently attenuated TIP49b-mediated suppression of p38-induced ATF2 transcriptional activities (Fig. 4D) .
␤-Catenin, an important member of the Wnt signaling cascade, was also reported to interact with TIP49a (4) and TIP49b (3). Whereas TIP49a activated ␤-catenin transcriptional activities, TIP49b repressed them (3) . In view of these findings, we assessed whether the ATF2 150-248 peptide would affect ␤-catenin-mediated transcription. Coexpression of TIP49b, ␤-catenin S33Y (the S33Y mutant lacks one of the glycogen synthase kinase 3␤ (GSK3␤) phosphorylation sites, rendering it insusceptible to homologue of Slimb (HOS)/GSK3␤-mediated degradation [22] ), and the TOPFLASH luciferase construct (which contains five TCF binding sites [42] ) efficiently decreased the degree of TCF transactivation, which could not be attenuated upon coexpression of the ATF2 150-248 peptide (data not shown). These results suggest that the effect elicited by ATF2 150-248 is specific to ATF2 and does not require or alter activities of other TIP49b-associated factors, as shown here for c-Myc and ␤-catenin.
Constitutive expression of ATF2 150-248 peptide alters ATF2 transcription, cell cycle distribution, and degree of cell death in response to irradiation. To further evaluate the biological implications of altered ATF2 transcription, we established ATF2 ϩ/ϩ and ATF2 Ϫ/Ϫ fibroblast cells, as well as a melanomaderived cell line, K1735p (55) , which constitutively expresses the ATF2 150-248 peptide. The expression of ATF2 150-248 in nuclei of transfected cells was confirmed by fluorescence microscopy (Fig. 5A) as well as via Western blotting (Fig. 5B) . Cells that constitutively express the ATF2 150-248 peptide revealed a marked decrease in the association between TIP49b and ATF2 under normal growth conditions and more so following UV or IR treatment (Fig. 5B) .
Decreased association between the ATF2 and TIP49b was also reflected at the level of ATF2 transcriptional activities. Cells that constitutively express the ATF2 150-248 peptide exhibited an elevated degree of ATF2 transcriptional activities under normal growth conditions as well as after exposure to UV or IR treatment (Fig. 5C ). Similar observations were made using the Jun2-tk-Luc reporter construct (data not shown). Conversely, expression of the ATF2 peptide did not alter the level of TCF-mediated transcription (Fig. 5C ). While providing important support for the specific effect of the ATF2 peptide on TIP49b-mediated inhibition of ATF2 transcriptional activities, these results also indicate that the nature of the TIP49b association with ATF2 serves primarily to limit the degree of ATF2 transcriptional output.
Following confirmation of the ability of the ATF2 peptide to attenuate ATF2 association with and inhibition by TIP49b, we elucidated possible changes in the cells' ability to cope with stress conditions, which are known to activate ATF2. Under normal growth conditions, none of the three cell lines that constitutively express ATF2 150-248 was found to exhibit altered cell cycle distribution. However, substantial changes were found following IR of human fibroblasts and melanoma cells but not of ATF2-null fibroblasts (Fig. 6 ). Similar data were observed after UV irradiation (data not shown).
Changes seen after irradiation can be divided into two stages. First, as early as 6 h and to a greater extent 12 h after UV irradiation, there was a noticeable increase (32 to 50%) in the fraction of cells found in the G 2 M phase of the cell cycle (data not shown). A similar change was observed following IR (Fig. 6) . At a later time after irradiation (48 h) there was a marked increase (up to 3-fold) in the fraction of cells that were found in the sub-G 1 phase that reflects apoptosis (Fig. 6 , and data not shown). The increased fraction of cells undergoing apoptosis as seen following UV or IR treatment suggests that ATF2 may elicit a proapoptotic signal under stress conditions, depending on the degree of TIP49b inhibition.
DISCUSSION
The present study demonstrates the association of TIP49b with ATF2 and the biological implications of this association. ATF2's association with TIP49b takes place in normal growing cells; the association is more pronounced following exposure to treatments that induce ATF2 phosphorylation, which is required for ATF2 transcriptional activities. Our findings suggest that the TIP49b association with ATF2 is a mechanism that serves to limit ATF2 transcriptional activities. Accordingly, the association of ATF2 with TIP49b highlights a novel layer of regulation for ATF2 transcriptional activities.
The nature of ATF2 regulation by TIP49b suggests that ATF2 plays an important role in the cell's response to stress. Support for this notion comes from experiments in which we successfully outcompeted the TIP49b-ATF2 association by overexpression of the ATF2 peptide corresponding to the ATF2 domain required for the association with TIP49b. As a result of increased ATF2 transcriptional output, there was a marked change in the cell's response to stress and DNA damage.
Irradiation of fibroblasts as well as melanoma cells in which the TIP49b association with ATF2 was impaired resulted in an elevated fraction of cells found in the G 2 M phase of the cell cycle within 6 to 12 h after treatment. This finding suggests that ATF2 may regulate an inhibitor of G 2 M exit or regulator of cell entry into mitosis. Alternatively, ATF2 may affect a protein that potentiates the exit from S phase to G 2 M. Ongoing studies are aimed at addressing each of these possibilities. The altered cell cycle distribution observed in response to treatment by IR FIG. 6 . Constitutive expression of ATF2 150-248 peptide alters cell cycle distribution and apoptosis following ionizing radiation. ATF2 150-248 -expressing fibroblasts, K1735p melanoma cells, and ATF2-null cells were exposed to IR, and their apoptotic and cell cycle profiles were determined by fluorescence-activated cell sorter analysis at the indicated time points.
or UV further corroborates the role of the ATF2-TIP49b association in cell cycle control.
Release of ATF2 transcriptional output from TIP49b-mediated restriction also resulted in an increased degree of apoptosis induced by irradiation, pointing to the role of ATF2 in the induction of programmed cell death. The latter is in line with our earlier studies in which we demonstrated that ATF2 contributes to the apoptosis of early-but not late-stage melanoma cells due to upregulation of TNF-␣, which elicits the primary apoptotic signal in early melanomas (33) . Given that the K1735p melanoma cells used in the present study represent early-stage melanoma cells and that the same changes were also observed in nontransformed fibroblasts, we suggest that ATF2 may serve to potentiate apoptosis in response to DNA damage, as shown here for UV and IR. It is the level of TIP49b, as well as the degree of ATF2 phosphorylation, which is expected to dictate the amount of ATF2-TIP49b complex and concomitant ability of ATF2 to elicit a proapoptotic signal.
The mechanism underlying TIP49b's ability to alter ATF2 activities may relate to its role in the chromatin-remodeling complex (1, 34, 74) . TIP49b was originally identified as a TATA-binding protein (TBP)-interacting protein (35) and is among 12 polypeptides that compose the INO80 chromatinremodeling complex. While exhibiting DNA-dependent ATPase activity, INO80 chromatin remodeling has been implicated in both transcription and DNA damage repair (65) . Through its effects on potential Holliday junction intermediates, the RuvAB complex (RuvB is a TIP49b homologue) prevents double-strand breaks at arrested replication forks (64) .
The recent findings that RuvB-like proteins are part of the multisubunit TIP60 HAT complex (31) further point to their role in diverse functions associated with chromatin metabolism. Along these lines, association of ATF2 with TIP49b appears to be required for its ability to mediate DNA repair of double-strand breaks, since inhibition of such association impairs double-strand break repair after IR (data not shown). That the TIP49b-ATF2 association results in inhibition of ATF2 transcription also implies that other components of the chromatin-remodeling complex may be affected upon TIP49 association, resulting in impaired transcription.
Our observations are in line with the notion that TIP49b elicits inhibition of c-Myc and ␤-catenin transcription. It is also possible that the changes observed in cell cycle and apoptosis are not only TIP49b related, since other ATF2-associated proteins may be outcompeted by the peptide corresponding to aa 150 to 249. Although there are no reports on ATF2 binding proteins within this region, we cannot exclude this possibility completely because of the correlation between the changes seen in and TIP49b dissociation with ATF2.
The TIP49b effect on ATF2 transcriptional activities may also be elicited via altered ATF2 HAT activities. UV treatment or ATF2 phosphorylation increases its HAT as well as its transcriptional activities (38) . Of interest, inhibition of histone deacetylases triggers a G 2 -phase cell cycle checkpoint response in normal human cells but not in tumor cells (7) , which further points to a possible link between ATF2 HAT activities and its effects on G 2 M arrest following DNA damage.
Our data cannot exclude the possibility that TIP49b may also affect ATF2 transcriptional activities via masking the transactivation domain from binding to some other nuclear cofactors. Unlike ATF2, where only TIP49b was found as an associated protein, both c-Myc and ␤-catenin were shown to associate with both TIP49 components. Importantly, whereas TIP49b elicits suppression of transcriptional activities of proteins to which it binds, TIP49a amplifies the transcriptional output of its bound transcription factors (4, 73) .
It is important to emphasize that the effect of TIP49b on ATF2 is selective, specific, and dissociated from its effects on other key regulatory proteins, as shown for c-Myc and ␤-catenin.
The distinct difference in the nature of the selective ATF2 association with TIP49b is in line with the principal difference in the types of activities mediated by ATF2, as opposed to transcription factors associated with TIP49a. Whereas ATF2 emerges as an inhibitor of the cell cycle and induces apoptosis in response to DNA damage, both c-Myc and ␤-catenin potentiate growth, replication, and transformation. The latter may explain why cells will not favor unrestricted ATF2 activities but rather tightly limit ATF2 transcriptional output.
